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Abstract 
A wake study and combined power output analysis of an array of two model wind turbines is presented. In a wind farm 
arrangement wakes behind the upstream turbines directly affect the performance and structural loads of the downstream turbines. 
In this analysis the characteristics of the mean and turbulent wake flow behind an upstream model turbine is directly related to 
the performance characteristics of a downstream rotor located at three different downstream locations. First the influence of the 
upstream turbine’s tip speed ratio variation from design conditions on the wake flow and the downstream turbine performance is 
analyzed. Thereafter, also the turbulence intensity level at the wind tunnel inlet is varied from low (laboratory conditions, 
TI=0.23%) to high (atmospheric conditions, TI=10.0%). Finally, the combined power output of the two turbine array is evaluated 
for a matrix of the different scenarios.  
A significant influence of the background turbulence level on the wake recovery is observed, especially for the intermediate 
separation distance of x/D=5. Controlling the upstream turbine’s tip speed ratio away from its design point does not result in a 
significant increase in combined power output. Only for the case of low turbine separation distance (x/D=3) and low background 
turbulence the added kinetic energy in the wake can be recovered by the downstream turbine. For higher turbine separation 
distances and higher background turbulence, the added kinetic energy diffuses into the freestream flow and cannot be recovered 
anymore. In average, the combined efficiency is observed to increase by about 2.5% with every additional rotor diameter of 
turbine separation distance. Thus, this analysis suggests an accurate management of the upstream turbine tip speed ratio in 
dependence of background turbulence and turbine separation distance when optimizing the power output of a wind farm. 
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1. Introduction 
Energy losses due to wake interactions are currently a widely discussed issue in the design of wind farms. For wind 
directions resulting in full wake shadow of the downstream turbines the total wind farm power extraction can be 
reduced up to 15-20% [1]. The overall wind farm power production is governed by a number of physical 
mechanisms affecting the interaction of the highly turbulent wake flow and the downstream turbines’ performances.  
The mean velocity deficit in the wake needs more than 10D to recover to conditions similar to the freestream, while 
even higher distances are necessary until the wake turbulence becomes insignificant [2]. However, due to 
constrictions in area use and infrastructural costs an economical optimum is often reached for smaller turbine 
spacing distances. Most offshore wind farms are usually spaced around 7-8D in the main wind direction, in some 
installations like the Lillgrund wind farm even lower turbine spacings are found (4.3D in main wind direction, 3.3D 
in cross wind direction) [3]. For this purpose a set of wind tunnel wake and performance measurements is presented 
focusing on the wake-rotor interaction and total array efficiency of the two-turbine setup.  
2. Methodology 
The experiments are carried out in the wind tunnel laboratory at the Norwegian University of Science and 
Technology (NTNU). The wind tunnel has a cross section of 2.7 x 1.8 m2 and is 11.1 m long. The closed-loop wind 
tunnel is driven by a 220 kW fan being able to generate maximum wind speeds of about Umax = 30 m/s [4]. During 
the present tests the reference wind speed is kept constant at Uref = 11.5 m/s, which is shown to result in a Reynolds-
number-independent turbine performance [4]. Two model wind turbines of the rotor diameter of D = 0.90 m are 
investigated. Each turbine comprises over a three-bladed rotor based on the NREL S826 airfoil. A detailed 
description of the model geometry is given in [5]. The turbines’ rotational speed is controlled via a 0.37 kW motor-
generator connected to a frequency inverter. This makes it possible to operate the rotors up to 3000 rpm while the 
generated excess power is burned off by an external resistor. The pitch angle of the blades is kept constant at β = 0° 
during the entire measurement campaign while the rotational speed of both turbines is schematically varied. The first 
turbine is set up 2D from the inlet of the tunnel as shown in Fig. 1. Horizontal line profiles of the wake flow are 
measured at the hub height h=0.826 m by the means of hot wire anemometry at the three downstream distances 3D, 
5D and 9D. Time-averaged mean flow velocity Umean and the streamwise turbulence intensity TI [%] are analysed at 
these positions for two different inlet configurations: low background turbulence level (TI = 0.23%) and high 
background turbulence level (TI = 10.0%). The high background turbulence level is generated by a regularly meshed 
grid installed at the test section inlet. The design tip speed ratio of both turbines is λT1,design = λT2,design = 6.0. Besides 
the design case at λT1,design=6.0, the wake flow behind the upstream turbine is analyzed for lower than optimum 
(λT1,low=5.0) as well as higher than optimum (λT1,high=7.0) tip speed ratios.  
 
 
Fig. 1. First turbine setup and wake measurement stations. 
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Fig. 2. Two-turbines array setup. 
The mean velocity is non-dimensionalized with the freestream velocity U∞ and the turbulence intensity TI is 
calculated from the standard deviation u’. 
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In order to assess the aerodynamic power, the torque (T) and rotational speed (ω) are directly measured on the 
turbine shaft. Thus, the power coefficient (CP,T1) and the tip speed ratio (λT1) of the upstream turbine can be 
evaluated. 
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In a second step another model turbine is installed at exactly the same downstream locations (3D, 5D, 9D) as the 
wake flow was previously measured (Fig. 2). The downstream turbine has virtually the same rotor geometry and thus 
the same performance characteristics as the upstream turbine when operated in undisturbed freestream flow (λdesign,T2 
= λdesign,T1 = 6.0; CP,T2,max= CP,T1,max= 0.462). Due to the challenge defining a reference velocity for a turbine operated 
in a non-uniform wake flow, the reference velocity U∞ measured upstream of the array is also employed to calculate 
the power coefficient and tip speed ratio of the downstream turbine: 
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Again, two different inflow conditions are analysed: low and high turbulence, resulting in a comprehensive 
dataset of six configurations. For each tip speed ratio of the upstream turbine the tip speed ratio of the downstream 
turbine is varied in steps of Δλ=0.5. Thereafter, also the tip speed ratio of the upstream turbine is gradually increased 
in steps of Δλ=0.5 resulting in a comprehensive matrix (λT1, λT2) of operation points for each of the six 
configurations. Finally, a power optimization of the turbine array is carried out. For each tip speed ratio 
configuration (λT1, λT2) the sum of the power coefficients of both turbines is normalized with the maximum 
achievable CP in standalone condition. The array efficiency E is calculated from  
ܧ ൌ ஼ುǡ೅భା஼ುǡ೅మ஼ುǡ೅భǡ೘ೌೣା஼ುǡ೅మǡ೘ೌೣ כ ͳͲͲ    [%]                 (7)   
 
while an array efficiency of E=100% would be obtained if the downstream turbine T2 was not affected by the wake 
of the upstream turbine T1. 
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(a)           (b) 
 
Fig. 3. (a) Mean flow velocity and (b) turbulence intensity profiles at 3D, 5D and 9D distance behind the upstream turbine working at optimum 
λT1=6.0 in a low background turbulence level flow (0.23% in the rotor plane). 
 
3. Results  
3.1. Single turbine wake development at design conditions 
First the single turbine wake development is analysed for a low background turbulence level (TI=0.23%) while 
the tip speed ratio is kept constant at its optimum (λT1,design=6.0). Moving downstream from the rotor plane the 
velocity deficit recovers as momentum is fed into the wake from the undisturbed freestream flow. Meanwhile, the 
momentum feeding process makes the wake expand in radial direction. In Fig. 3 (a) mean velocity profiles are 
shown for the three different downstream positions (3D, 5D, 9D). At 3D the shear layer between the wake and the 
free stream is rather thin, while at 9D a more gradual transition from wake to freestream is observed. At 9D the 
mixing processes are further progessed resulting in a much smoother wake profile. The turbulence intensity profiles 
presented in Fig. 3 (b) demonstrate that the near-far wake transition in this wind tunnel experiment seems to happen 
further downstream compared to full scale observations. For a full scale case the transition region to the far wake is 
considered to establish somewhere between 2 to 5D [6]. However, the rotor footprint is still visible at 9D in our 
measurements. The influence of the rotor geometry is clearly visible at 3D and 5D by the presence of distinct peaks. 
High turbulence intensity peaks are present in the tip vortex region while local minima are observed around the 
nacelle. This indicates the typical characteristics of the near wake region for the present wind tunnel case. A 
complete transition to the far wake is not yet completed at 9D as the mean velocity profile shape still shows two 
distinct minima. 
Furthermore, the wake is analysed for the test cases with high background turbulence as shown in Fig. 4. The grid 
generated turbulence is measured to be TIT1=10.0% averaged over the position of the upstream rotor. The turbulence 
is decaying to TI3D=4.8%, TI5D=3.9% and TI9D=2.9% at the positions of the wake measurements. The mixing in the 
shear layer between the wake and the freestream flow are significantly enhanced with higher background turbulence. 
Thus, the velocity profiles as shown in Fig. 4 (a) are more similar to a full scale case under specific atmospheric 
conditions. The velocity profile starts to show axisymmetric characteristics already at 5D downstream of the rotor 
plane. At 3D the rotor footprint is still visible indicating that the transition from near to far wake is happening further 
downstream. The turbulence intensity curves as presented in Fig. 4 (b) illustrate much smoother turbulence peaks 
compared to the low background turbulence case. Significant peaks in the tip vortex region are still visible at 5D, 
although the mean velocity profile appears as a Gaussian shape already. A faster recovery rate of the mean velocity 
compared to the turbulence intensity has been previously observed by Højstrup [2] as well as Chamorro et al. [8]. 
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Fig. 4. (a) Mean flow velocity and (b) turbulence intensity profiles at 3D, 5D and 9D distance behind the upstream turbine working at optimum 
(λT1=6.0) in a high background turbulence level flow (10.0% in the rotor plane). 
3.2. Single wake at off-design conditions 
A variation of the upstream turbine tip speed ratio can be used to manipulate the distribution of kinetic energy left 
in the wake. When varying the rotational speed of the rotor the actual angle of attack along the blade span is no 
longer constant. Thus, each blade element contributes with a strongly varying lift and drag contribution to the overall 
torque. Consequently, a complex three dimensional flow establishes over the blade span. At much higher than 
optimum λ the outer blade sections tend to work at almost zero angle of attack while the inner sections generate 
negative lift and feed momentum into the wake. As a result the turbulence intensity along the centre line is increased, 
which is confirmed by the measurements presented in Fig. 5 and Fig. 6. Herein, mean velocity and turbulent 
intensity profiles are compared for tip speed ratios λT1 = 5.0, 6.0 and 7.0 at the measurement stations 3D and 9D 
downstream of the rotor. It can be observed that the radial position of the shear layer between wake and undisturbed 
flow is not dependent on the turbine’s tip speed ratio. This confirms the strategies of engineering wake models that 
fix the wake rate expansion parameter to a constant value such as models by N.O. Jensen [9], Larsen et al. [10], L.E. 
Jensen et al. [11], Enevoldsen et al. [12] or Bastankhah and Porte-Agel [13]. In these models the wake expansion 
rate is only modelled depending on the background turbulence level. 
 
(a)            (b) 
 
Fig. 5. (a) Mean flow velocity and (b) turbulence intensity profiles 3D downstream of the upstream rotor working at λT1= 5.0 ,6.0 ,7.0 in a low 
background turbulence level flow (0.23% in the rotor plane). 
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(a)            (b) 
 
Fig. 6. (a) Mean flow velocity and (b) turbulence intensity profiles 9D downstream of the upstream rotor working at λT1= 5.0 ,6.0 ,7.0 in a low 
background turbulence level flow (0.23% on the rotor plane). 
The mean velocity profiles presented in Fig. 5 (a) clearly are affected by the rotor geometry and thus show the 
characteristics of the near wake. A change in tip speed ratio from 5.0 ≤ λT1 ≤ 7.0 causes an obvious variation of the 
mean velocity profiles around the wake centerline (y/R = 0). More kinetic energy is fed into the center of the wake 
when overspeeding to λT1=7.0, while the wake center contains less kinetic energy when the rotor is slowed down to 
λT1=5.0. Significant variations are also observed in the turbulence intensity profiles as shown in Fig. 5 (b). Herein, a 
rotor speed up considerably increases turbulence levels in the wake center. At 9D downstream of the rotor plane the 
variations are not that obvious any more (Fig. 6). The turbulent diffusion of freestream flow into the wake has 
smoothened out the flow making the influence of a tip speed ratio alteration insignificant.  
Analysing the turbulence intensity levels as presented in Fig. 5 (b) and Fig. 6 (b) a general increase of turbulence 
levels with increasing tip speed ratio is observed. When increasing the rotational speed of the turbine the thrust force 
on the rotor rises and thus induces a stronger drop in mean velocity. Consequently, stronger velocity gradients 
between the wake and the freestream flow are formed resulting in higher turbulence levels in the wake. 
A similar analysis is done for a single turbine in a high background turbulence flow (not shown in graphs). The 
higher background turbulence leads to higher mixing, smoothing out the mean velocity and the turbulence intensity 
profiles, as previously discussed for design conditions (Fig. 4). 
 
  (a)              (b) 
 
Fig. 7. (a) Mean velocity profiles in the wake 3D downstream of the upstream turbine T1 for λT1 = 5, 6 and 7 and 
(b) performance of the downstream turbine T2 (at 3D) depending on the upstream turbine λT1         . 
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3.3. Influence of tip speed ratio control on wake-rotor interaction 
By varying the upstream turbine tip speed ratio the wake flow is modified, which again represents the inflow 
conditions for a downstream turbine in a wind farm arrangement. In order to analyse the effects of a tip speed 
variation on the overall power output of a wind farm another model turbine is set up at the exact same downstream 
locations where previously the wake flow was measured.  
Fig. 7 (a) again shows the mean velocity profiles in the wake 3D downstream of the upstream rotor operated at 
λT1 = 5.0, 6.0 and 7.0. Relating the profiles to the power curves of the downstream turbine as shown in Fig. 7 (b) 
makes it possible to explain the downstream turbine power depending on the upstream turbine tip speed ratio. A 
reduction of the upstream turbine’s tip speed ratio to λT1 = 5.0 leaves more kinetic energy in the wake and increases 
the energy extracted by the downstream turbine. A slowdown of the upstream turbine leads to additional kinetic 
energy in the outer regions (0.5 < y/R < 1.0) of the wake area that is swept by the downstream rotor. This is the 
region where the added axial kinetic energy is significantly contributing to the rotational momentum on the 
downstream turbine rotor shaft. In this case the power production of the downstream rotor is increased by about 6% 
compared to the reference case at λT1 = 6.0. The energy lost on the upstream rotor can be completely recovered by 
the downstream rotor in this specific test case (separation distance 3D, low background turbulence).  
Overspeeding the upstream turbine to λT1 = 7.0 leaves more energy in the center of the wake, but significantly 
increases the velocity deficit peaks in the outer wake regions. In this case the energy extraction of the downstream 
turbine is very similar as in the reference case. The energy lost on the overspeeded upstream turbine, however, 
cannot be recovered by the downstream rotor.  
For higher turbine separation distances (5D and especially 9D), however, the situation is somewhat different. 
Hardly any changes in downstream turbine power extraction can be observed when the upstream turbine is slowed 
down or overspeeded. Due to turbulent mixing the resulting velocity profiles are almost independent of the upstream 
turbine operation point. A similar observation is made for an increased background turbulence level. At high 
background turbulence level there are hardly any differences in the downstream turbine power extraction when 
varying the operation of the upstream turbine.  
 
3.4. Two turbine array case study 
A parametric study is performed scanning the tip speed ratios of both turbines in a matrix of steps of Δλ = 0.5 for 
the three turbine separation distances and two background turbulence levels. Focusing on extracting the maximum 
power output from the two turbines, the array efficiency is calculated from equation (5).  
With increasing turbine separation distance the maximum array efficiency is obviously increasing. The maximum 
array efficiency value for each configuration is shown in Table 1. For low background turbulence an increase in 
efficiency of 3.7% is found from 3D to 5D separation distance. Increasing the turbine spacing from 3D to 9D 15.2% 
more energy can be extracted from the turbine array. With increased background turbulence an efficiency recovery 
of 4.5% is calculated from 3D to 5D, while it is 14.0% from 3D to 9D. 
Table 1. Max array efficiency for each configuration. 
Configuration Max array efficiency 
E [%]  
Operating conditions 
λT1 λT2 
Low turbulence, 3D separation distance 62.8 5.0 4.0 
Low turbulence, 5D separation distance 66.5 5.5 4.0 
Low turbulence, 9D separation distance 78.0 5.0 5.0 
High turbulence, 3D separation distance 63.0 5.5 4.0 
High turbulence, 5D separation distance 67.5 6.0 4.5 
High turbulence, 9D separation distance 77.0 6.0 5.0 
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The difference in efficiency recovery is directly related to the wake evolution along the tunnel. In fact, higher 
background turbulence accelerates the velocity recovery. This is particularly valid up to a separation distance of 5D. 
At an even higher separation distance of 9D the contribution of grid induced turbulence is negligible. The freestream 
background turbulence has mostly decayed (TI9D = 2.9%) while the wake mixing processes have in the meanwhile 
smoothened out the velocity gradients. In Fig. 8 (a) the array efficiencies E are directly compared for different 
separation distances and background turbulence levels. 
 
       (a)        (b) 
 
Fig. 8. (a) Comparison of array efficiency E and (b) efficiency recovery for different separation distances and background turbulence levels. 
It is observed that the grid generated turbulence is able to influence the wake recovery and thus the array 
efficiency up to a certain downstream position (x/D ≈ 5) significantly. In this region a general trend of accelerated 
efficiency recovery can be observed. Furthermore, a quite constant array efficiency is found over a range of 4.5 ≤ λ1 
≤ 6.5. For a low background turbulence level the total efficiency E is constant within ±0.6%, while for a high 
background turbulence the array efficiency varies ±1.1% in this region of tip speed ratios.  
A slightly shift towards λT1-values smaller than optimum results in the best array efficiency for all configurations. 
For low background turbulence levels the optimum is achieved for 5.0 < λT1 < 5.5, while for high background 
turbulence level the maximum array efficiency is achieved at 5.5 < λT1 < 6.0. Analyzing the impact of turbine 
separation distance on array efficiency in Fig. 8 (b), a recovery rate of approximately 2.5% per additional diameter 
of turbine separation distance is found. 
 
4. Conclusions 
It has been shown that an upstream turbine tip speed ratio variation away from its design points adds kinetic 
energy to the wake flow. In certain cases that added energy can be recovered by the downstream turbine. Effective 
energy recovery has been observed for a lower than optimum upstream turbine tip speed ratio and low turbine 
separation distances. In this case kinetic energy is added in the outer parts of the wake that can be recovered by the 
downstream rotor. An increased background turbulence level accelerates the turbulent diffusion of the added kinetic 
energy in the wake. In this case a recovery of the added energy not possible anymore. At the same time an increased 
wake recovery is obviously resulting in higher array efficiencies. However, it is observed that the influence of grid 
generated background turbulence becomes significantly smaller for higher turbine separations distances. By 
increasing the turbine separation distance the array efficiency recovers by a rate of 2.5% per additional rotor 
diameter. Therefore, this analysis suggests an accurate management of these different parameters when optimizing 
the power output of a wind farm. 
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